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It is shown, that spin-charge separation efTect can be realized in ID quantum Fermi-liquids. It 
has topological soliton origin in distinction from well known spinon-holon spin-charge separation 
effect in Luttinger liquids and electronic systems like them. It is the result of the generalization 
of Su-Schrieffer-Heeger (SSH) model of organic ID conductors in the frames of ID quantum Fermi 
liquid description. In its turn it allows to extend the limits of the applicability of SSH-model to the 
systems with strong electron-phonon interaction and (or) strong electron-photon interaction. 
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I. INTRODUCTION 

Spin-charge separation eflFect in ID-systems is associ- 
ated in the literature usually with Luttinger liquid (LL) 
behavior of electronic system of ID conductors, which 
cannot be described in the frames of Landau Fermi liquid 
(LFL) concept. The most known example of ID-system 
with LL behavior is doped Mott-Hubbard insulator in the 
metallic regime, for which the idea of spin-charge sepa- 
ration was originally introduced by Anderson in 1987 
0) [ll- Spin-charge separation in Anderson approach 
means the existence of two independent elementary exci- 
tations, charge-neutral spinon and spinless holon, which 
carry spin 1/2 and charge -\-e respectively. Similar spin- 
charge separation effect may be mathematically^ realized 
in the so-called slave-particle representation ^] of the 
t — J model. 

It has to be remarked, that both the models LL and 
LFL are the models of ideal quantum liquids, which do 
not take into account the nonlinearity of the fermion 
spectrum on the one hand and electron-phonon inter- 
actions on the other hand. Let us remember, that the 
definition of the notion "Luttinger liquid" is based on the 
simplification, determined by linearization of the generic 
spectrum of particles in neighborhood of Fermi points 
in fc-space. Given simplification has led to divergencies, 
arising in the perturbation theory in application to LFL- 



model for ID systems. In given case, a different paradigm 
has developed from Tomonaga idea @, that the low- 
energy degrees of freedom of a ID Fermi gas are com- 
pletely collective, and the development of the "bosoniza- 
tion" technique. The conceptual starting point for the 
bosonization of the Fermi surface is the Luttinger the- 
orem from here the name "Luttinger liquid" arose. 
However, how it was remarked in 0, even for a linear 
spectrum, the bosonic or fermionic languages may be 
used equally comfortably and both offer their particu- 
lar benefits. The advantage of the former is the direct 
relation between the bosonic modes and the density re- 
sponse functions. On the other hand, the fermionic de- 
scription connects to the well-known physics of the Fermi 
edge problem. Moreover they have shown, that in order 
to calculate the dynamic response functions in the case 
of the nonlinearity of the fermion spectrum, it is conve- 
nient to translate the bosonic spin and charge modes into 
fermionic quasiparticles, spinous and holons. For a non- 
linear spectrum, the fermionic basis is superior because 
it avoids divergencies arising in the bosonic perturbation 
theory Q- 

At the same time the idea of spin-charge separation 
was explicitly treated for the first time already in 1974 
by Luther and Emery Q in the context of a continuum 
limit of the \D electron gas theory. They have shown, 
that the Hamiltonian Hideg of the ID electron gas can 
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be represented in the form of 

Hid EG = ffc[0c] + Hs[(j)s\ + i^^rri^c, (3) 

where _ffc[0c] and are, respectively, the Hamiho- 

nians, which govern the dynamics of the spin and charge 
fields, <f>c and (ps, respectively, and Hirr[4>CT4's\ consists 
of terms that can be neglected in the long wave-length 
limit. 

The related model, which describes spin-charge sepa- 
ration is the model of the formation of solitons with frac- 
tional fermion number. General idea belongs to Jackiw 
and Rebbi They pay attention to the field theories, 
especially in one spatial dimension, which lead solitons' 
formation with fractional fermion number. However the 
concrete realization of given idea in condensed matter 
physics belongs to Su, Schrieffer, and Heeger. The model, 
proposed by Su, Schrieffer, and Heeger (SSH-model) with 
spin-charge separation to be the basis phenomenon is the 
model of conjugated organic ID-conductors. 

Specifically, what Su, Schrieffer, and Heeger showed, 
is that when an electron is added to an neutral trans- 
polyacetylene (t-PA) chain, it can break up into two 
pieces, one of which carries the electron's charge and the 
other its spin. The real significance of the SSH-soliton 
model of t-PA is that it introduced a new paradigm into 
the field. Triuph of the SSH model is not occasional. 
The formulation of the model is very simple from math- 
ematical viewpoint and the simplicity itself is the great 
advantage of the model. At the same time it demon- 
strates the deep physical insight of Su, Schrieffer and 
Heeger in the field, which was argued in [9,], [ij, [2^ . 
Really, although the term, which takes into consideration 
the electron-electron correlations is not presented in SSH 
Hamiltonian in explicit form, it, in fact, is represented 
in implicit form. Really, the electron-electron interac- 
tion is easily can be taken into account in the model 
by means of its renormalization into electron-phonon 
interaction with effective coupling parameter [9|, [T5| . 
(l6| . It is very interesting, that the very similar theo- 
retical result on the possibility to renormalize electron- 
phonon coupling into equivalent electron-electron inter- 
actions was obtained independently many years after in 
2006 in [l^l- It was shown, that, the spin-1/2 Holstein 
model could be mapped onto the negative-C/ Hubbard 
model with an effective dynamical attraction Ueffij-^), 
dependence of which on the frequency uj is given by 
the relation Ueff{oj) — A/(l — lj'^/ujq), where A is the 
electron-phonon coupling constant in energetic units, wq 
is the bare phonon frequency. The merit of SSH-model, 
consisting in the choose of the only dimerization coor- 
dinate Un of the n-th CH-group, n = 1,N, along chain 
molecular-symmetry axis x to be substantial for deter- 
mination of main physical properties of the material and 
neglecting by the other five degrees of freedom, that is 
the degrees of freedom, which are relevant to the bonds 
with the directions not coinciding with chain molecular- 
symmetry axis direction, was commented in jT^ and in 
[22| . Given possibility is the consequence of general prin- 



ciple, which was proposed by Slater at the earliest stage 
of quantum physics era already in 1924 jl7i |. However 
the most merit of SSH-model, which demonstrates a very 
deep insight of authors in the field, is without any com- 
ment up to now. In fact, the only given model in the 
condensed matter physics of dynamic electronic systems 
takes into consideration in explicit form the generic cou- 
pling between operators of creation and annihilation of 
two quantum fields - between the operators of the field 
corresponding to electron subsystem and the operators of 
the field of lattice deformation system. The simplest ex- 
ample, when generic coupling beween given two fields is 
taking into account, is quantum chemistry calculations 
of the structure of point centers in crystals. It is well 
known, that by the change of the charge state of any 
point center in crystal lattice, the atomic relaxation of 
neighbourhood host lattice atoms has to be taken into 
account. In dynamical case it corresponds to phonon ab- 
sorption or generation. It seems to be evident, that in 
SSH-model the opreators of phonon subsystem are rep- 
resented through operators of elecronic subsystem taking 
into account given coupling in explicit form. Let us re- 
mark, that usually given operators are considered inde- 
pendently on each other, which can lead to distortion of 
description of real physical processes. 

It seems to be interesting, that there are qualitative 
differences by description of spin-charge separation ef- 
fects in ID systems between SSH mechanism and An- 
derson mechanism, which is applicable, in particular, to 
the ID models, in which ID correlated electronic sys- 
tems are properly described by the Luttinger liquid the- 
ory. The main differerence consists in the role of phonon 
effects in spin-charge separation phenomenon. For in- 
stance, the role of phonon effects on spin-charge separa- 
tion in one dimension by Anderson mechanism was stud- 
ied in [20], through the calculation of one-electron spec- 
tral functions in terms of the cluster perturbation theory 
together with an optimized phonon approach. The ID 
Holstein-Hubbard model has been used. It was found 
that the retardation effect, which is the consequence of 
the finiteness of phonon frequency suppresses the spin- 
charge separation and eventually makes it invisible in 
the spectral function. At the same time electron-phonon 
interaction plays the essential role for spin-charge sepa- 
ration presence in SSH-model. Let us remark, that there 
is in existing variant of SSH-model an upper limit on the 
value of electron-phonon coupling constant. It is conse- 
quence of the treatment of electron-phonon coupling to 
be the linear term in expansion of the only hopping inte- 
gral of tight-binding model about the undimerized state. 
Given restriction was discussed in 21] and the maximum 
for allowed value of electron-phonon coupling constant a 
was evaluated to be w 1.27. We will show, that given 
restriction can be remitted in developed variant of SSH- 
model. 

Su, Schrieffer, Heeger [ll[, [13] describe mathemati- 
cally the chain of t-PA by considering it to be Fermi 
gas in the sense, that the electron-electron interaction is 
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not taken into consideretion in explicit form, although 
electron-phonon interaction is taken into account. We 
see, therefore, that SSH-model takes intermediate place 
between Fermi gas and Fermi liquid quantum models. 
The main idea of given work is the development of SSH- 
model in the frames of completely ID Fermi liquid de- 
scription, that determines the aim - to show the possibil- 
ity to describe the ID electronic systems in the frames of 
quantum Fermi liquids, first of all to establish the possi- 
bility of the phenomenon of spin charge separation in ID 
quantum Fermi liquids. 



II. RESULTS AND DISCUSSION 



We will start from Hamiltonian 

■H(u) = 'Ho(u) + ■H^,t(u) -I- H-n^uiu). 



(4) 



Like to works [l2| we will consider Born- 

Oppenheimer approximation. The first term in (|4]) is 
the following 
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It represents itself the sum of operator of kinetic energy 
of CH- group motion (the first term in (O) and the op- 
erator of the cr-bonding energy (the second term). Co- 
efficient in ([5]) is effective cr-bonds spring constant, 
M* is total mass of CH-group, Um is configuration coor- 
dinate for m-th CH-group, which corresponds to trans- 
lation of m-th CH-group along the symmetry axis z of 
the chain, m = 1, A^, is number of CH-groups in the 
chain, Pm is operator of impulse, conjugated to configu- 
ration coordinate Um, m = l,N, g, dm,s are creation 
and annihilation operators of creation or annihilation of 
quasipartile with spin projection s on the m-th chain site 
in (T-subsystem of t-PA. 

The second term in ([4]) can be represented in the form 
of two components, and it is 



where 



(6) 



(7) 



It is the resonance interaction (hopping interaction in 
tight-binding model approximation) of quasiparticles in 
TT-subsystem of t-PA electronic system, which is con- 
sidered to be Fermi liquid, and in which the only con- 
stant term in Taylor series expansion of resonance in- 
tegral about the dimerized state is taking into account. 
Here c+ j, Cm,s are creation and annihilation operators 
of creation or annihilation of quasipartile with spin pro- 
jection s on the m-th chain site in 7r-subsystem of t-PA. 
The second term in ^ is 



'H7r,ti(w) — y^[^lCm.s^m+l,s^"t+l,sCm,s] 



(8) 



It represents itself the term, which is proportional to the 
constant first term in Taylor series expansion about the 
dimerized state of potential energy of the pairwise inter- 
action of quasiparticles in 7r-subsystem between them- 
selves. The third term in (|4]) is 



. s ~l~ 



(9) 



It consists, correspondingly, of the terms, which are pro- 
portional to linear terms in Taylor series expansion about 
the dimerized state of the resonance interaction of quasi- 
particles in TT-subsystem of t-PA electronic system and 
potential energy of the pairwise interaction of quasipar- 
ticles in TT-subsystem between themselves. There is taken 
into account, that in Born-Oppenheimer approximation 
in perfectly dimerized chain the coordinates {um}, rn = 
l,N, can be represented in the form {um} = {(— l)™'^}, 
where u is displacement amplitude, corresponding to 
minimum of ground state energy to be a function of dis- 
placement value. It seems to be evident, taking into 
account the symmetry, that there are two values of u 
with opposite signs, minimizing ground state energy, and 
indicating on its two-fold degeneration. Physically the 
third part of Hamiltonian describes electron-phonon in- 
teraction with total constant a = ai -I- a2, which a 
priori seems to be extending the range of applicabil- 
ity of SSH-model to essentially more strong values of 
electron-phonon interaction because electron-electron in- 
teractions are known (from quantum chemical studies of 
small polyenes) to be strong. 

Operator 'H{u) is invariant under spatial translations 
with period 2a, where a is projection of spacing between 
two adjacent CH-groups in undimerized lattice on chain 
axis direction, and which is equal to 1.22 A. It means, 
that all various wave vectors k in fc-space will be in re- 
duced zone with module of k in the range —^<k<^ 

w 1 ^ la — — la 

[12l [. It can be considered like to usual semiconductors 
to be consisting of two subzones - conduction (c) band 
and valence {v) band. Then it seems to be convenient to 
represent the operators {c+ ^}, {cm,s}, m = 1, A^, in the 
form 



{Cm.s} — {c^^^} + {Cm;'s}, 



(10) 



related to tt — c- and tt — w-band correspondingly, and to 
define fc-space operators 



{c^^^} = {^^(-l)™+lexp(-^fcma)c(^)J, 

^ m s 

{c[^l) - {-^ E E Gxp(-^fcma)c(:)J, 



(11) 



m l,iV. The principle, like to MO LCAO is used 
in fact to build the operators and {c^^]}, at that 
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the antibonding character of c-band orbitals is taken into 
account by means of factor i(— 1)™+^. Inverse to ([TT|) 
transform is 

{ct]s} = {-^"^expiimika + tt) - ^]cl^l}, 

1 ' (.) ^^^^ 



m=l,N. 

The tj-operators {a+ and {a^.s}, m = I, N can also 
be represented in the form hke to (|10l) for 7r-operators and 
analogous to ([TT]) . (IT^ transforms can be defined. Then 
the expression for the operator 'Ho(u) can be rewritten 

fe 

(13) 

wliere ^ , a^, ^ and , a^, \, are cr-operators oi cre- 
ation and annihilation, related to cr-c-band and to a-v- 
band correspondingly. The independence of |u„i| on to, 

TO = l,iV, means, that the expression (2^^ + Ku^) is 
independent on to. Then we obtain 

Mu) = E + + -m)' (14) 

k s 

where n^'^ and n^'^ are operators of number of a- 
quasiparticles in cr-c-band and cr-u-band correspondingly. 

The expression for 'H^,t(u) in terms of {c^'^l.} and {c^."]} 
is coinciding with known corresponding expression in 
[ni, [13 and it is 

^^,*(") = E E COS fca(c+(;)ca - c+(;^cg) (15) 

k s 

The expression for the first part of operator T-L-n^uiu) in 
terms of {c^'^^} and {c^"]} is also coinciding in its form 
with known corresponding expression in [ll|, [l^ and it 
is given by 

(") = E E Bin fca(c+(;)cg -f c+^/^cg), 

k s 

(16) 

where subscript ai in Hamiltonian designation indicates 
on the taking into account the part of electron-phonon 
interaction, connected with resonance interaction (hop- 
ping) processes. The expression for the second part of 
operator Ti-nMiu), which describes the part of electron- 
phonon interaction, determined by interaction between 
quasiparticles in Fermi liquid state of 7r-subsystem in 



terms of {c),'^^} and {c),^^} is the following 

n.,u,M = EEE"2(fc,fc',^)5K^4?414t 

k k' s 

(17) 

Here the consideration is restricted by the taking into 
account the contribution of the term, corresponding to 
interaction between the quasiparticles in different bands, 
which seems to be the most essential. Physically the iden- 
tification of linear on displacement u part of both reso- 
nance interaction (hopping) and the pairwise interaction 
of quasiparticles in 7r-subsystem between themselves with 
electron-phonon interaction is understandable, if to take 
into account, that by atomic CH group displacements the 
phonons are generated, which in its turn can by release 
of the place on, for instance, {CH)m group, to deliver 
the energy and impulse, which are necessary for transfer 
of the quasiparticle (electron) from adjacent (to — 1)- or 
(to-1- l)-position in chain in the case of resonance interac- 
tion (hopping). For the case the pairwise interaction of 
quasiparticles, it means, that its linear on displacement u 
part is realized by means of phonon field, which transfers 
the energy and impulse from one quasiparticle to another 
(which can be not inevitable adjacent). Mathematically 
it can be proved in the following way. The processes of 
interaction in c {v) band can be considered to be indepen- 
dent on each other. It means, that transition probabil- 
ity from the (fc/,s|-state to (fcj_s|-state in c-band and from 
{k'l g|-state to {k'^ ^j-state in w-band, which is proportional 
to coefficient a2(fc, k' ,s), can be expressed in the form of 
product of real parts of corresponding matrix elements, 
that is in the form 

a2(fc,fc',s) ^ Re{ki,s\V'^'^\k,,s)Re{k'ijV^^^\^J = 
y2Re{ki^s\V'-'^\kph){kph\hs)x 

k,n (18) 
^i?e(fc;,Jl/('^)|V)(V|fck.), 

kph 

where V^"""^ — Vo(^)e (e is unit operator) is the first term in 
Taylor expansion of pairwise interaction of quasiparticles, 
for instance, with wave vectors k'^, k'^ and spin projec- 
tion s in w-band, that is, in ground state, F^'^^ = Vi(^c}Ue 
is the second term in Taylor expansion of pairwise inter- 
action in excited state (in c-band), that is, it is product 
of configuration coordinate u and coordinate derivative 
at u = of operator of pairwise interaction of quasipar- 
ticles with wave vectors fc;, kj and spin projection s in 
c-band, kph is phonon wave vector, and the summation 
is realized over all the phonon spectrum. At that, since 
the linear density of pairwise interaction is independent 
on fc, which is the consequence of translation invariance 
of the chain, Vb(i,), V'i(c) are constants. Therefore, the 
pairwise interaction is considered to be accompanying 
by process of phonon generation, when electronic quasi- 
particles are already in excited state, that is, in c-band 
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(retardation effect of phonon subsystem is taken into ac- 
count). Then we have V^'^'^^ = VJ)(c)ue, V'^^^ = lo(t,)e. 
A number of variants are possible along with process of 
phonon generation, corresponding to states of electronic 
quasiparticles in c-band above described. The result will 
mathematically be quite similar, if to change the ener- 
getic place of excitation, that is, if to interchange the 
role of c and v bands for given process. There seem to be 
possible the realization of both the stages (that is phonon 
generation and absorption) for electonic quasiparticles in 
single c or D band states and simultaneous realization 
both the stages in both the bands. Mathematical de- 
scription will be for all possible variants similar and for 
distinctness we will consider only the first variant. For 
the simplicity we consider also the processes, in which the 
spin projection is keeping to be the same. It is evident 
also, that in z-direction the impulse distribution is quasi- 
continuous (since the chain has the macroscopic length 
L = Na). Consequently, standard way J2kph ^ ^ Ik h 
can be used. Further, phonon states can be described by 
wave functions {kph\ — voexp{ikphz), where z G [0, L], 
kph & 5^] J ''^o is constant. Therefore, from ([15)) we 

have the expression 

Q;2(fc,fc',s) = b\vay\'^\vocfVo(c)UVo(v)\(f>Ocsf\(f>Ovs\'^'X 

N 

— — -Re{exp[i{kimi ~ kjmj)a]expika}x 

2'!T{qi - qj){qr - qn) 

i?e{exp[i(fc^mr — /c^TO,i)a] expifc'a}, 

(19) 

where |(/)ocsP, I^OusP are squares of the modules of the 
wave functions \kj_s) and \k'^ ^) respectively, k — kph{qi — 
qj), k' = k'pf^{qr - qn) qi,qj,qr,qn G N with additional 
conditions (qi — qj)a < L, (g^ — q7i)0' < L, b - is aspect 
ratio, which in principle can be determined by compari- 
son with experiment. Here the values {qi — qj), {qr — q-n) 
determine the steps in pairwise interaction with phonon 
participation and they are considered to be fixed. We will 
consider the processes for which k = k' , consequently, 

{qr - qn) = {qi - q^)- 

The relation by kiwii — kjirij and by krUir — 
fc„TO„ transforms into 

a2{k, k' , s) = 6|i;ot)PbocpV'o(c)wVo(t,)|(/)ocsn(/'o«spx 



27r[((7; - qj)\ 



■ sin ka sink' a. 



(20) 



Let us designate 

b\vovf\voc\'^VQ(^c)Vo{.u)\4)ocs\'^\4'avs\'^x 
4a2(s) 



N 



(21) 



Miqi-q,)? 



a2{s) = OL2' So we have 

,u.a2 ('^) 
k k' s 

Something otherwise will be treated the participation 
of the phonons in linear on u part of pairwise interac- 
tion, if phonon generation is accompanying process of 
quasiparticle transition from ?;-band into c-band, that is 
when the retardation effect of phonon subsystem can be 
neglected. It is the case of strong electron-photon inter- 
action, described in [gj, [l^- By strong electron- 
photon interation absorption process of photons is long 
time process. It is accompanying by quantum Rabi 
wave packet formation and space propagation, that is 
by formation of longlived coherent state of joint photon- 
electron system. In given case the expression for density 
of the electron-phonon coupling parameter a2(fc,fc',s), 
which is related to the part of electron-phonon interac- 
tion, determined by interaction between quasiparticles in 
TT-system Fermi liquid, is the following 

a2{k,k',s) ~ Re{ki,s\V\k'^J = \vov\^\voc\^uVi\M'' x 
f 

■j-— / exp[i{kphqa - kimia)]x 

{ exp[i{kp^- kph)q'a\x 
exp[-i{kp,^q'a - kjmna)]dk'p^}dkph, 



(23) 



where q = rrij — mi, q' — rrir — run are integers, satis- 
fying foregoing relations, subscrips in left part are omit- 
ted, since fixed step is considered. Then, taking into 
account, that in continuous limit by integration the mod- 
ules k and k' of wave vectors k and k' are running all the 
k- and fc'- values in k- and fc'-spaces, we can designate 
{kphqa — kimia) = ka, {k'p/^q'a — k'^mja) = k'a omitting 
the subscrips. In a result we obtain 

a2{k,k',s) ^ Re{ku\V\k'j^s) = \vov\^\voc\^uVi\^os\^x 



:{siiika sin. k'a + cos ftacos k'a). 



(24) 



Then, taking into account that spin projection s is 
fixed, the dependence on s can be omitted, consequently 



It was taken into account, that by w-band — >■ c-band tran- 
sition of quasiparticle, the impulse of emitted phonon by 
vibronic system with electronic quasiparticle in f-band 
is equal to the impulse of absorbed phonon by vibronic 
system with electronic quasiparticle in c-band. 

The system of operators cl,^l\ '^t'^'l^ c^"], c'^j^l corre- 
sponds to noninteracting quasiparticles, and it is under- 
standable, that in the case of interacting quasiparticles 
their linear combination has to be used 



(25) 



r -(^) 1 




ak,s -Pk.s 




- 4v) - 

^k,s 






-(c) 




Pk,s Olk,s 
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where matrix of transformation coefficients 
ll^ll 



Pk,s Oik.s, 



(26) 



it is unimodulary matrix with determinant c?ei||^|| 



' Pi ^ — 1. Since c?et||^|| ^ 0, it means, that inverse 



transformation exists and it is given by the matrix 



-Pk.s ak.,: 



(27) 



Then we obtain for the Hamiltonian 'H-n,u.ai{'U'), which 
corresponds to SSH one-electron treatment of electron- 
phonon couphng, the following relation 

k s 

+ Pk.sak,sak,s °'k,s- Pk.sO-k,s ^k.s+ ^k.sO-k.s "■k,s 

(28) 

where — 4Q;iusinA;a. The diagonal part ^^^{u) 
of operator H-n.u.ai (u) is 



k,sli 



(29) 



- (c) 

where fij, ^ is density of operator of quasiparticles' num- 
ber in c-band, n^"] is density of operator of quasiparti- 
cles' number in w-band. The part of pairwise interaction, 
which is linear in displacement coordinate u and leads to 
participation of the phonons, is given by the Hamiltonian 

^7r,«,Q2 (") = 4q;2U sin A:asin k'ax 



k k' 



l"fe',s"fe',s flfc'.s Pk'.sO'k^s^k^s 
, a ~(c) -+(c) p -(f) 

+ ak'.sPk'.sal/sa^,]J - ^fe',.afe',.afe/, V, ) 



(30) 



/ 2 ~ + (c)^(v) 



"k^s 



+ ak,sPk,sak ,, a,^ ,^ - jJk,sak,sak^s a,. J. 



The diagonal part .^^.^ (u) of operator 'H7r,ji,a2 (^) is 
^lu,.. in) = 4a2. E E E "fc' Z^'^' (-i^^ - " 

fc fe' s 

X ak,sPk,sifi^kl — n'^^l) sin k' a sin ka 



(31) 



The Hamiltonian t (u) in terms of operator variables 

(c) .(f) 



a^s °'k,s IS 



(32) 



The diagonal part 'H'^ ^{u) of operator ii-n^tiu) is given 
by the relation 



(c) A^)^ 



nl — n 



k,s)^ 



k s 



(33) 



where = 2io cos ka. 

The operator transformation for the cr-subsystem, 
analogous to ([^S)) shows, that the Hamiltonian 'Hq{u) is 
invariant under given transformation, that is, it can be 
represented in the form, given by (|14[) . 

To find the values of elements of matrices ||^|| and 
1 1^1 1 the Hamiltonian H{u) has to be tested for condi- 
tional extremum on the variables ak, Pk with condition 
o^k s + 0k s = 1 • The corresponding Lagrange function 
£^(u) is 

^'(") = EE(^+^-')(-M+<::) 



k s 



EE^^("L-/^L)(4:i-4!i) 



E E '^^kak,sPk,s {fVk, 



.(c) ,2) 



fc s 

+ 4a2uEEE"'=''^^'=''^("'fc''!s ~ ^k'',s)^k,sl3k,s 

k fc' s 

X (4''^ - 4"]) sinfc'asinfca + \kA(^k,s - 1 + /3fc,J 

(34) 

Then, the necessary condition for extremum is deter- 
mined by Lagrange equations 

d(B^{u) _„ ^ ('^(c) ^('")\ I OA R ff,'^'^^ fi'^^h 
Zak^s^kKn^ - ) + 2AkfikArik,s " ^kJ 



dak 



1 + ? E E ^'^'^A'.s sinfc'a(4t - 4'!J] 



fe' s 

+ '2Xk,sak,s = 0, 



(35) 



-gj^^ — - 2lik^s£k[n^ ,^ - n^ .,) + Z/\kak,s[nk,s " "fc, J 
^ + ~ E E "fe'.s/^fe'.'s sin/c'a(fi^';J^ - n^^^Jj] 

fe' s 
+ '2^k,sPk,s ~ 

and 



(36) 



^^"^H _ .2 , , «2 



SAfe 

Let us designate 
a2 



«fc.s - 1 + Pis = 0. 



(37) 



[1 + ? E E sinfc'a(4t - 4'!J] - Q, 



ai '■ — ' 

fc' s 



(38) 
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then, passing on to observables in the Lagrange equa- 
tions ([55]) - ([57)) . we obtain for (if. ^, a\ ^ and for product 
Cik,sPk s the relations 



(39) 



(40) 



/25-32-§i^. 
DM V Nua2 



(45) 



It is evident, that the condition {^j^) < 1 is held true 



by ^j25 - 32^^ < 1. 

^ 3 Y Nua2 

In the case |^^| > 1 the relation (|43| can be repre- 



sented in the form 



R 1 2Afc 

Ctk,sPk,s — 77" 



(41) 



where Q is eigenvalue of operator Q. The equation for 
factor Q is 



2a 



Q, (42) 



where superscript ' is omitted and rif. ^ is eigenvalue of 

(v) 

density operator of quasiparticles' number in c-band, nj^, ^ 
is eigenvalue of density operator of quasiparticles' num- 
ber in w-band. It is evident, that at Q = 1 in ((39|) - 
we have the case of SSH-model. It corresponds to 
the case, if ^ ^in fca(ng - ng)] ^ 0, 

which is realized, if a2 — > 0. Consequently, it seems 
to be interesting to consider the opposite case, when 



I ai ^k L-is 2 



Afc 



sin fca(n^ 



^ 1. Passing 



on to continuum limit, in which — > 2—^ J , and 



assuming n^,"] = 1, n[f^ = 0, we have integral equation 



2Nuaa2 
ainto 



sin ka 



l-sin^ fca[l-(^)2] 



= 1. 



(43) 



In the case |^| < 1 the relation (gS]) can be rewritten 
in the form 



K 



7r[tl ~ {2uQf\ 




2Nua2 



(44) 



where if - (221^2 )2| and E^^l - (2|^} are 

complete elliptic integrals of the first and the second 
kind, respectively. Expanding given integrals into the 
series and restricting by the terms of the second-order of 
smallness, we obtain 



cos^ y 



-.dy = - 



TrQai 
a2N 



y^^-^^^'y[^-^^f 

where y — ^ ~ ka. It is equivalent to the equation 



(46) 




(47) 



where < f. 



1 



(2^)^ \ is the complete elliptic in- 



tegral of the first kind. The approximation of elliptic 
integrals, like to the approximation, given by (|45p . leads 
to the relation 



-3a2iV 



i± wi 



SOaito 
9Nua2 



(48) 



In the case = 1 the relation (gS]) is 



2 

/ 



cos ydy — 



TTttlQ 



(49) 



where J/ = f — ka. It is seen, that in given case the value 
of parameter Q is calculated exactly and it is 



a2N 
4ai 



(50) 



The values of energy of 7r-quasiparticles in c-band E^^"^ (u) 
and in u-band e'^'^ (u) can be obtained in the following 
way 



dn 



dn 



(v) ' 



(51) 



where {u) is the energy of 7r-subsystem of t-PA chain, 
which is obtained from Lagrange function operator (j34p 
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by passing on to observables. Therefore, we have 

Ek\u) = ek{al, - + 2Akak,sPk,s + 8a2U sin ka 



k' s 

,2 o2 



(52) 



and 



El"'{u) = -efe(aL - Pis) - 2Akak,sPk.s - 8^ sinfca 
X ^ ^ ak',sl3k',s{n''k)^ - nk'>]s) smk'aak,sl3k,s 

k' s 

= -tk{als - Pis) - 2Akak,sPk,sQ)- 



(53) 



It is seen from ^ and that E'i!^\u) = -E)^\u). 

Taking into account the relations (l39l) - (|4T|) . we obtain 



E^\u)=T 



(54) 



V4 + Q'^l V4TWA 



Therefore we have two values for the enegy of quasipar- 
ticles, indicating on the possibility of formation of the 
quasiparticles of two kinds. Upper sign in the first terms 
in ([54)1 . (|55|) correspond to the quasiparticles with the 
energy 



Et\n)- 



V4T 



Q^Al 



(56) 



in c-band and w-band respectively. Lower sign in the first 
terms in (IMl) . ([55]) correspond to the quasiparticles with 
the energy 



Et\u) = J,l^Q^Al^ 



eI:\u) 



(57) 



in c-band and u-band respectively. The quasiparticles of 
the second kind at Q = 1 are the same quasiparticles, 
that were obtained in 12]. 

We have used the only necessary condition for ex- 
tremum of the functions E{ak.sPk.s)- It was shown in 
[23 |. that for the SSH- model the sufficient conditions for 
the minimum are substantial, they change the role of 
both solutions. Sufficient conditions for the minimum of 
the functions E(ak.sPk.s) can be obtained by standard 
way, which was used in [22|. It consist in that, that the 
second differential of the energy being to be the function 



of three variables ak.s, Pk,s and \k.s has to be positively 
defined quadratic form. From the condition of positive- 
ness of three principal minors of quadratic form coeffi- 
cients we obtain the following three sufficient conditions 
for the energy minimum 

a. The first condition The first condition is 



{efc(l 



< 



V4 + S^Ar ^4 + Q'^l 



IK.-<J<o}, 



efc 



> 



(QA)2. 



V4 + Q'^t V4 + Q'^i 



(58) 



for the solution which coincides with SSH-solution at Q 
1 (SSH-like) solution and 



efc 



< 



V4TWM V4 + Q'^: 



Ek ^ei + Q^Ai 



QA^ 

V4T'i 
' l("L-"L)>o} 



IKs-"L)<o}, 



(59) 



for the additional solution. It is seen, that the first condi- 
tion is realizable for the quasiparticles of both the kinds. 



(55) at that for both near equilibrium state (n'j,^ 



<0) 



and strongly nonequilibrium state (n^^ — n^^ > 0. 

b. The second condition The second condition is the 
same for both the solutions and it is 



QA 



1 



(60) 

It is realizable for the quasiparticles of both the kinds. 

c. The third condition For the SSH-like solution we 
have 



(3 



(QA) 



V4^ 



)(nL-nL) >0. (61) 



It means, that SSH-like solution is unapplicable for the 
description of standard processes, passing near equilib- 
rium state by any parameters. The quasiparticles, de- 
scribed by SSH-like solution, can be created the only in 
strongly nonequilibrium state with inverse population of 
the levels in c- and u-bands. At the same time the so- 
lution, which corresponds to upper signs in ([M]). has to 
satisfy to the following condition 



(3 



(QA) 



V4^ 



'V4 + Q'^l 



){nls-<s)>0, (62) 



which can be realized both in near equilibrium and in 
strongly nonequilibrium states of the 7r-subsystem of t- 
PA, which is considered to be quantum Fermi liquid. 

d. Ground State oft-PA chain The continuum limit 
for the ground state energy of the t-PA chain with SSH- 
like quasiparticles will coincide with known solution ^12i] , 
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if to replace A^Q — >• . Let us calculate the ground 
state energy i?Q (u) of the t-PA chain with quasiparticles' 
branch, which is stable near equilibrium. Taking into 
account, that in ground state ^ = 0, ^ = 1, in the 
continuum limit we have 



2Na 



-,dk + 2NKu'^, (63) 



then, calculating the integral and using the complete el- 
liptic integral of the first kind 1 — z^) and the com- 
plete elliptic integral of the second kind E{^,1 — z'^) we 
obtain 



1 + z' 



(64) 



[E{-,l~z')-F{-,l-z^)]} + 2NKu^ 



where z^ — . Approximation of at z <C 1 gives 



° ^ ' ^ n TT Qaiu to 



(65) 



It is seen from (j65l) . that the energy of quasiparticles, 
described by solution, which corresponds to upper signs 
in ([Ml) has the form of Coleman- Weinberg potential with 
two minima at the values of dimerization coordinate uq 
and ~uq like to the energy of quasiparticles, described by 
SSH-solution It is understandable, that subsequent 
consideration, including electrically neutral S=l/2 soli- 
ton and electrically charged spinless soliton formation, 
that is the appearence of the phenomenon of spin-charge 
separation, by Fermi liquid description of ID systems will 
be coinciding in its mathematical form with starting in- 
termediate SSH model. 



Thus, the possibility to describe the physical proper- 
ties of ID systems in the frames of ID quantum Fermi 
liquid including the mechanism of appearence of the most 
prominent feature of ID systems - the phenomenon of 
spin-charge separation - is proved. 

Therefore, all qualitative conclusions of the model pro- 
posed in [12'| are holding in Fermi-liquid consideration 
of TT-electronic subsystem of t-PA chain (instead Fermi- 
gas consideration) for the quasiparticles, corresponding 
to the second-branch-solution. It seems to be substan- 
tial, that Fermi-liquid treatment of electron-phonon in- 
teraction extends the applicability limits of SSH-model 
of ID conjugated conductors allowing its use in the case 
of strong electron-phonon interaction. It is evident, that 
the mechanism of the phenomenon of spin-charge sep- 
aration in ID Fermi-liquid is soliton mechanism, being 
to be analogous to mechanism proposed by Jackiw and 
Rebbi. It means like to SSH-Fermi-gas model, that when 
an electron is added to an neutral polyacetylene chain, 
it can break up into two pieces, one of which carries the 
electron's charge and the other its spin. Given result 
bears a clear family relation with the phenomenon of 
spin-charge separation in the ID electron gas theory of 
Luther and Emery 0, but it is quite different from An- 
derson spinon-holon mechanism. The results obtained 
make more exact and correct prevalent viewpoint, that 
spin-charge separation effect is indication on non-Fermi- 
liquid behavior of electronic systems and that it can be 
reasonably described in the frames of Luttinger liquid 
theory only. Given viewpoint is true the only for the 
systems, for which Anderson mechanism of spin-charge 
separation is realized, that is in fact for the systems with 
the function of the electronic energy in fc-space, which 
characterises by the absence of extremum. It seem to be 
relatively rare physical systems. 

The consideration proposed allows to extend the lim- 
its of the applicability of SSH model for description of 
the systems with both strong electron-phonon interac- 
tion and (or) strong electron-photon interaction. 
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The concept of quantum Fermi liquid for description of ID electronic systems is recovered. The 
model of ID quantum Fermi liquid is developed on the example of trans-polyacetylene and it is in 
given case the generalization of well-known Fermi gas Su-Schrieffer-Heeger (SSH) model of organic 
ID conductors. It is shown, that spin-charge separation effect can be realized in ID quantum Fermi 
liquids. It has topological soliton origin in distinction from well known spinon-holon spin-charge 
separation effect in Luttinger liquids and electronic systems like them. The model allows to extend 
the limits of the applicability of SSH-model to the systems with strong electron-phonon interaction 
and (or) strong electron-photon interaction. Practical significance of the model proposed consists 
in the clarification of the nature of charge and spin carriers and in the clarification of the origin of 
mechanisms of quasiparticles' interaction in the materials and objects of nanoelectronics, spintronics 
and the other nanotechnology branches. 

PACS numbers: 78.20.Bh, 75.10.Pq, 11.30.-j, 42.50.Ct, 76.50.-(-g 
Keywords: spin-charge separation, Fermi liquid 
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I. INTRODUCTION 

There seems to be very essential for the tasks of nano- 
electronics, spintronics and for the other branches of nan- 
otechnology the knowledge of the nature of charge and 
spin carriers in the nano-devices. Especially seems to be 
significant the knowledge of mechanisms of carrier trans- 
port and interactions of charge and spin carriers both 
between themselves and with phonons and photons. In 
particular, great hopes are pinned in modern nanotech- 
nology on carbon nanotubes (NTs), that is in using of 
carbon NTs for production of the main devices for nano- 
electronics and related nanotechnology branches. 

There is existing in the theory of ID electronic sys- 
tems, in particular in the theory of conducting NTs, the 
following concept, which was starting with the work of 
Tomonaga in 1950 [l[ and with the work by Luttinger 
in 1963 [2|, when it has become clear that the electron- 
electron interaction destroys the sharp Fermi surface and 
leads to a breakdown of the Landau Fermi liquid (LFL) 
theory. The resulting non-LFL state is commonly called 
Luttinger liquid (LL), or sometimes Tomonaga-Luttinger 
liquid. It describes the universal low-energy properties 
of ID conductors. LL behavior is characterized by pro- 
nounced power-law suppression of the transport current 
and the density of states, and by effect of spin-charge 
separation. The nature of the spin and charge carriers 
in LL-liquid state is the folllowing. They are chargeless 
spin 1/2 quasiparticles - spinous and spinless quasipar- 
ticles with the charge ± e - holons. The universality of 
LL description means that the physical properties do not 
depend on details of the model, the interaction poten- 
tial, and so on, but instead are only characterized by a 
few parameters - critical exponents. Quite remarkably, 
the LL concept is believed to hold for arbitrary statisti- 
cal properties of the particles, that is, both for fermions 
and bosons. It provided a paradigm for non-Fermi liquid 



physics. 

Let us remark, that it is argued in many works, that 
the single- wall carbon nanotubes (SWCNTs) , considered 
to be ID objects (it is not always correct, especially 
for standard NTs with diameter in several nanometers) 
can be described the only in the frame of LL concept. 
Moreover, SWCNTs are considered to be the best model 
system of the LL state demonstration. Given view- 
point has some grounds. Really, power-law behaviour 
was observed experimentally by measuring the tunneling 
conductance of SWNTs in dependence on temperature 
and voltage. Electron force microscopic measurements 
showed also the ballistic nature of transport in conduct- 
ing SWNTs. At the same time spin-charge separation 
has not been observed so far. Consequently, we have to 
conclude, that the existing viewpoint seems to be insuf- 
ficiently grounded. 

It has to be also remarked, that both the models LL 
and LFL are the models of ideal quantum liquids (and 
even oversimplified), since they do not take into account 
the nonlinearity of the fermion spectrum on the one hand 
and electron-phonon interactions on the other hand. In 
fact both the models describe not strongly adequately 
the real physical processes. Actually, the changes in a 
charge state of arbitrary atom in ID chain in the result 
of electron-electron interaction are always accompanied 
by the changes in phonon subsystem (and vice versa). It 
is consequence of generic coupling between operators of 
creation and annihilation in electron subsystem and in 
phonon field. Consequently, the models, which do not 
take into account the electron-phonon interaction, seem 
to be strongly oversimplified and restricted models. Fur- 
ther, the key argument for insertion of the notion "Lut- 
tinger liquid" is in fact also the simplification, determined 
by linearization of the generic spectrum of particles in 
neighborhood of Fermi points in k-space. Just given sim- 
plification has led to divergencies arising in the perturba- 
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tion theory in ID-case, that is in LFL theory. However, 
it does not means that ID Fermi hquid description is in- 
correct in general case. Consequently, the description of 
ID systems, for instance NTs, the only in the frames of 
LL concept seems to be also oversimplification. We will 
show, that the concept of description of ID correlated 
electronic systems in the frame of ID Fermi liquid (FL) 
can be recovered, at that FL concept can be applied just 
to ID carbon NTs, while 2D NTs and graphene can be 
in principle described in the low energy physics processes 
in the frame of LL model. It is the aim of the presented 
work. 

We will consider the concept of ID FL on the example 
of well known ID system - traras-polyacetylene, that is, 
it will be in fact the generalization of well known Fermi 
gas (since it does not take into consideration electron- 
electron correlations immediately) Su-Schrieffer-Heeger 
(SSH) model, which, however, in distinction from LFL 
and LL models, takes into account the electron-phonon 
interaction. The subsequent generalization, for instance, 
for quasi-lD carbon zigzag shaped nanotubes (CZSNTS) 
can be easily obtained by using of hypercomplex num- 
ber theory like to description of quantum optics effects, 
considered in 

Spin-charge separation effect in ID-systems is associ- 
ated in the literature usually with Luttinger liquid (LL) 
behavior of electronic system of ID conductors, which 
cannot be described in the frames of Landau Fermi liquid 
concept. The most known example of ID-system with LL 
behaviour is doped Mott-Hubbard insulator in the metal- 
lic regime, for which the idea of spin-charge separation 
was originally introduced by Anderson in 1987 Q, [1], 
. Spin-charge separation in Anderson approach means 
the existence of two independent elementary excitations, 
charge-neutral spinous and spinless holons, which carry 
spin 1/2 and charge +e respectively. Similar spin-charge 
separation effect may be mathematically realized in the 
so-called slave-particle representation [l3| of the t — J 
model. 

Let us give some details concerning non-Fermi liquid 
physics paradigm. It has been developed from Tomon- 
aga idea jy], that the low-energy degrees of freedom of 
a ID Fermi gas are completely collective, that has al- 
lowed the development of the "bosonization" technique. 
The conceptual starting point for the bosonization of the 
Fermi surface is the Luttinger theorem Q , from here the 
name "Luttinger liquid" arose. However, how it was re- 
marked in [111, even for a linear spectrum, the bosonic 
or fermionic languages may be used equally comfort- 
ably and both offer their particular benefits. The ad- 
vantage of the former is the direct relation between the 
bosonic modes and the density response functions. On 
the other hand, the fermionic description connects to the 
well-known physics of the Fermi edge problem. More- 
over, they have shown, that in order to calculate the dy- 
namic response functions in the case of the nonlinearity 
of the fermion spectrum, it is convenient to translate the 
bosonic spin and charge modes into fermionic quasipar- 



ticles, spinous and holons. For a nonlinear spectrum, the 
fermionic basis is superior because it avoids divergencies 
arising in the bosonic perturbation theory [ll| . 

At the same time the idea of spin-charge separation 
was explicitly treated for the first time already in 1974 
by Luther and Emery [l^] in the context of a continuum 
limit of the ID electron gas theory. They have shown, 
that the Hamiltonian Hid eg of the ID electron gas can 
be represented in the form of 

HlDEG = i?c[0c] + Hs[(j)s\ + H,rr[(l)c, (f>s], (1) 

where Hc[(t>c\ and Hs[4>s] are, respectively, the Hamilto- 
nians, which govern the dynamics of the spin and charge 
fields, (jjc and (jj^, respectively, and Hirr[4>ci 4's] consists 
of terms that can be neglected in the long wave-length 
limit. 

The related model, which describes spin-charge sepa- 
ration is the model of the formation of solitons with frac- 
tional fermion number. General idea belongs to Jackiw 
and Rebbi [14]. They pay attention to the field theo- 
ries, especially in one spatial dimension, which lead soli- 
tons' formation with fractional fermion number. How- 
ever, the concrete realization of given idea in condensed 
matter physics belongs to Su, Schrieffer, and Heeger Q, 
Q. The model, proposed by Su, Schrieffer, and Heeger 
(SSH-model) with spin-charge separation to be the ba- 
sis phenomenon is the model of conjugated organic ID- 
conductors. 

Specifically, what Su, Schrieffer, and Heeger showed, 
is that when an electron is added to an neutral trans- 
polyacetylene (t-PA) chain, it can break up into two 
pieces, one of which carries the electron's charge and the 
other its spin. The real significance of the SSH-soliton 
model of t-PA is that it introduced a new paradigm 
into the field. Triuph of the SSH model is not oc- 
casional. The formulation of the model is very sim- 
ple from mathematical viewpoint and the simplicity it- 
self is the great advantage of the model. At the same 
time it demonstrates the deep physical insight of Su, 
Schrieffer and Heeger in the field, which was argued in 
p^ . Really, although the term, which takes 

into consideration the static electron-electron correla- 
tions is not presented in SSH Hamiltonian in explicit 
form, it, in fact, is represented in implicit form. Re- 
ally, the static electron-electron interaction can be taken 
into account in the model by means of its renormaliza- 
tion into electron-phonon interaction with effective cou- 
pling parameter. It was undertaken in [l^, [l3]. It is 
very interesting, that the very similar theoretical result 
on the possibility to renormalize electron-phonon cou- 
pling into equivalent electron-electron static interactions 
was obtained independently many years after in 2006 in 
[2]| . It was shown, that, the spin-1/2 Holstein model 
could be mapped onto the negative-^/ Hubbard model 
with an effective dynamical attraction Ueff{uj), depen- 
dence of which on the frequency w is given by the rela- 
tion Ueff{oj) = A/(l — w^/wq), where A is the electron- 
phonon coupling constant in energetic units, wq is the 
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bare phonon frequency. 

At the same time, although the model, used in [T^ 
is the standard continuum model of a one-dimensional 
electron gas with short-range (that is screened) electron- 
electron repulsions, and a nearly half-filled band, how- 
ever the very essential simplification has been done in 
given model. It consists in linearization of one electron 
spectrum about the Fermi surface, that seems to be over- 
siplification. Moreover, the idea of full renormalization 
of electron-electron interaction into electron-phonon in- 
teraction with effective coupling parameter seems to be 
correct the only partly (see next Section). It concerns 
also in principle the inverse task [2l[ above cited. The 
same extended Hubbard model, that in [l6j . was used in 
[l7j . however the exact bare phonon propagator at the 
renormalized electronic energy scale was obtained and 
used. It leads to different physical conclusions concern- 
ing the possibility of observation of charge density wave 
(CDW) - singlet superconductivity (SS) crossover in t- 
PA in comparison with work [l6| , where the approximate 
form of phonon propagator was used. Voit has concluded, 
that a CDW-SS crossover does not occur in the interact- 
ing SSH model in distinction from opposite conclusion in 
|16{ . Let us remark, that in both the works above cited 
all the potential energy of electron-electron correlations 
is considered to be constant relatively the dimerization 
coordinate by renormalization procedure, it is also over- 
simplification, since in real physical processes the dimer- 
ization coordinate derivative of the potential energy of 
electron-electron correlations seems to be the most es- 
sential. 

The merit of SSH- model, consisting in the choose of the 
only dimerization coordinate m„ of the n-th CiJ-group, 
n — 1,N, along chain molecular-symmetry axis x to be 
substantial for determination of main physical properties 
of the material and neglecting by the other five degrees 
of freedom, that is, the degrees of freedom, which are 
relevant to the bonds with the directions not coinciding 
with chain molecular-symmetry axis direction, was com- 
mented in and in Q. Given possibility is the conse- 
quence of general principle, which was proposed by Slater 
at the earliest stage of quantum physics era already in 
1924 . However, the most merit of SSH-model, which 
demonstrates a very deep insight of authors in the field, is 
without any comment up to now. In fact, the only given 
model in the condensed matter physics of dynamic elec- 
tronic systems takes into consideration in explicit form 
the generic coupling between operators of creation and 
annihilation of two quantum fields - between the opera- 
tors of the field corresponding to electron subsystem and 
the operators of the field of lattice deformation system, 
that is, phonon field. The simplest static analogue of tak- 
ing into account the generic coupling between given two 
fields is quantum chemistry calculations of the structure 
of point centers in crystals. It is well known, that by the 
change of the charge state of any point center in crystal 
lattice, the atomic relaxation of neighbourhood host lat- 
tice atoms has to be taken into account. In dynamical 



case it corresponds to phonon absorption or generation. 
It seems to be evident, that in SSH-model the operators 
of phonon subsystem are represented through operators 
of electronic subsystem taking into account given cou- 
pling in explicit form. Let us remark, that usually given 
operators are considered independently on each other, 
which can lead to distortion of description of real physi- 
cal processes. 

It seems to be interesting, that there are fundamental 
qualitative differences by description of spin-charge sepa- 
ration effects in ID systems between SSH mechanism and 
Anderson mechanism, which is applicable, in particular, 
to the models, in which correlated electronic systems are 
properly described by the Luttinger liquid theory. The 
main differerence consists in the role of phonon effects 
in spin-charge separation phenomenon. For instance, 
the role of phonon effects on spin-charge separation in 
one dimension by Anderson mechanism was studied in 
PH through the calculation of one-electron spectral func- 
tions in terms of the cluster perturbation theory together 
with an optimized phonon approach. The ID Holstein- 
Hubbard model has been used. It was found, that the 
retardation effect, which is the consequence of the finite- 
ness of phonon frequency, suppresses the spin-charge sep- 
aration and eventually makes it invisible in the spectral 
function. At the same time electron-phonon interaction 
plays the essential role for spin-charge separation pres- 
ence in SSH-model. 

Let us remark, that there is in existing variant of SSH- 
model an upper limit on the value of electron-phonon 
coupling constant. It is consequence of the treatment of 
electron-phonon coupling to be the linear term in expan- 
sion of the only hopping integral of tight-binding model 
about the undimerized state. Given restriction was dis- 
cussed in [2^ and the maximum for allowed value of 
electron-phonon coupling constant a was evaluated to 
be « 1.27. We will show, that given restriction can be 
remitted in developed variant of SSH-model. 

Su, Schrieffer, Heeger 0, Q describe mathematically 
the chain of t-PA by considering it to be Fermi gas in the 
sense, that the electron-electron interaction is not taken 
into consideretion in explicit form, although electron- 
phonon interaction is taken into account. We see, there- 
fore, that SSH-model takes, more strictly speaking, the 
intermediate place between Fermi gas and Fermi liquid 
quantum models. The main idea of our work is the de- 
velopment of SSH-model in the frames of completely ID 
Fermi liquid description, that determines the aim - to 
show the possibility to describe the ID electronic sys- 
tems in the frames of quantum Fermi liquids, and to es- 
tablish the possibility of the phenomenon of spin charge 
separation in ID quantum Fermi liquids. 

II. RESULTS AND DISCUSSION 

We will start from Hamiltonian 

n{u) = -Hoiu) + n^A^i) + n^,u{u). (2) 
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Like to works 3, [3| we will consider Born-Oppenheimer 
approximation. The first term in ^ is the following 



Ho{u) 



+ KuLa+ 



(3) 



It represents itself the sum of operator of kinetic energy 
of CH- group motion (the first term in ([3])) and the op- 
erator of the (T-bonding energy (the second term). Co- 
efficient X in ([3]) is effective cr-bonds spring constant, 
M* is total mass of CH-group, is configuration coor- 
dinate for m-th CH-group, which corresponds to trans- 
lation of TO-th CH-group along the symmetry axis z of 
the chain, m = 1, A^, is number of CH-groups in the 
chain, is operator of impulse, conjugated to configu- 
ration coordinate Um, m — 1,N, a^ ^, CLm.s are creation 
and annihilation operators of creation or annihilation of 
quasipartile with spin projection s on the m-th chain site 
in cr-subsystem of t-PA. The second term in 1^ can be 
represented in the form of two components and it is 



51 X![(^o(c++i,sCm,s + C+^^sCm+l,s)] + 



(4) 



(-l)"2aiu)(c; 



where c-fn,s are creation and annihilation operators 
of creation or annihilation of quasiparticle with spin pro- 
jection s on the m-th chain site in 7r-subsystem of t-PA. 
It is the resonance interaction (hopping interaction in 
tight-binding model approximation) of quasiparticles in 
TT-subsystem of t-PA electronic system, which is consid- 
ered to be Fermi liquid, and in which the only constant 
and linear terms in Taylor series expansion of resonance 
integral about the dimerized state are taking into ac- 
count. 

Operator ?^(u) is invariant under spatial translations 
with period 2a, where a is projection of spacing between 
two adjacent CH-groups in undimerized lattice on chain 
axis direction, and which is equal to 1.22 A. It means, 
that all various wave vectors k in /c-space will be in re- 
duced zone with module of k in the range — t?- < fc < t?- 
[J|. It can be considered like to usual semiconductors 
to be consisting of two subzones - conduction (c) band 
and valence (v) band. Then it seems to be convenient to 
represent the operators {c+ ^}, {cm.s}, m = 1, A^, in the 
form 



(5) 



related to tt — c- and tt — w-band correspondingly, and to 
define /c-space operators 



{eg} = {^^5](-l)™+iexp(-^A:ma)c(;j)j, 

^ m s 

{eg} = {^ E E ^M^^kma)c(Zlh 

V m Q 



(6) 



m = l,iV. The principle, like to MO LCAO is used 
in fact to build the operators {eg} and {eg}, at that 
the antibonding character of c-band orbitals is taken into 
account by means of factor i(— 1)™+^. Inverse to © 
transform is 



1 



{4'! J = {^}_^expi[m{ka + 7t)- ^]cg}. 



1 



(7) 



m 



1,N. 



The tJ-operators {a+ ^} and {(im.s}, m = \,N can also 
be represented in the form like to ([5]) for 7r-operators and 
analogous to (jH]), transforms can be defined. Then the 
expression for the operator 'Hq{u) can be rewritten 



p2 



m s 



Ku: 



m) ' 



(8) 



where ^ , a^.^. and ^ , a^\, are a-operators of ere- 



%s ana ^ , 
ation and annihilation, related to tr-c-band and to a-v- 
band correspondingly. The independence of |w„j| on m, 



m = 1,N, means, that the expression { jm* 
independent on m. Then we obtain 



Ho{u) 



k s 



2M* 



^ <T,V\ 



IS 



(9) 



and 



are operators of number of a- 



quasiparticles in cr-c-band and cr-u-band correspondingly. 

The expression for HT^^taiu) in terms of {eg} and 
{eg} is coinciding with known corresponding expression 



and it is 



y-TTjo (") = E E ka{cl 



^k.s ^k.s 



(10) 



The expression for the second part of operator Hjr.tiu) 



in terms of {eg} and {c)."^} is also coinciding in its form 
with known corresponding expression in Q, [4| and it is 
given by 



si") 



^7i-,ai(M) = -iaiu sin ka{c'j^^"h^,^l 



(11) 



where subscript ai in Hamiltonian designation indicates 
on the taking into account the part of electron-phonon 
interaction, connected with resonance interaction (hop- 
ping) processes. 

The cr-operators {a^ 3} and {(im.s}, m — \,N can also 
be represented in the form like to ([S]) for vr-operators and 
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analogous to ([6]), (O transforms can be defined. Then 
the expression for the operator 'Hq{u) can be rewritten 

7n s 

1 \ / -\-cr,c <T,c , " -l-cr.v (7,v\ 
k 

(12) 

where ^ , a^, ^ and , a^\, are tr-operators oi cre- 
ation and annihilation, related to a-c-band and to a-v- 
band correspondingly. The independence of \um,\ on m, 

m = l,N, means, that the expression (j]^ + Ku^) is 
independent on m. Then we obtain 

= E E( 2^ + Ku')iK:: + (13) 

k s 

where n^'^ and n^'^ are operators of number of a- 
quasiparticles in cr-c-band and cr-u-band correspondingly. 

The constant term in Taylor series expansion of po- 
tential energy of electron-electron interaction about the 
dimerization coordinate and the term proportional to 
dimerization coordinate derivative of potential energy of 
electron-electron interaction will be taken into account 
in given consideration, since they seems to be repre- 
sent the most essential. It will be shown, that both the 
terms make the contribution in the expression for the 
'H7T,u{u), which describes the part of electron-phonon in- 
teraction, determined by interaction between quasipar- 
ticles in Fermi liquid state of 7r-subsystem in terms of 
{c[,'^^} and {c[,"]}. It can be represented in the form 

-^^Au) - E E E "^(fc' fc'' (m) 

k k' s 

(The constant static term, which is determined by inter- 
action on different atomic sites in a chain corresponding 
to the constant terms in Taylor series expansion of po- 
tential energy of electron-electron interaction about the 
dimerization coordinate was omitted in given consider- 
ation, in order to establish the role of phonon assisted 
part). 

Physically the identification of linear on displacement 
u part of both resonance interaction (hopping) and the 
pairwise interaction of quasiparticles in 7r-subsystem be- 
tween themselves with electron-phonon interaction is un- 
derstandable, if to take into account, that by atomic CH 
group displacements the phonons are generated, which 
in its turn can by release of the place on, for instance, 
(CH)m group, to deliver the energy and impulse, which 
are necessary for transfer of the quasiparticle (electron) 
from adjacent (to — 1)- or (m -I- l)-position in chain in 
the case of resonance interaction (hopping) . For the case 
the pairwise interaction of quasiparticles, it means, that 
its linear on displacement u part is realized by means 
of phonon field, which transfers the energy and impulse 



from one quasiparticle to another (which can be not in- 
evitable adjacent). Mathematically it can be proved in 
the following way. The processes of interaction in c 
[v) band can be considered to be independent on each 
other. It means, that transition probability from the 
(/c/^s|-state to (fcj_s|-state in c-band and from (/cj^j-state 
to {k'j g|-state in u-band, which is proportional to coeffi- 
cient a2{k, k' , s), can be expressed in the form of product 
of real parts of corresponding matrix elements, that is in 
the form 

a2ik,k\s) ^ Re{ki,s\V^'^\k,,s)Re{kl^\V<-''^m^^) = 
y2Re{ki,s\V^'^\kph){kph\kj,s)x 

k,. (15) 
^i?e(fc;jl/('^)|V)(V|fc;,.), 

wherey(") =yowe(e is unit operator) is the first term in 
Taylor expansion of pairwise interaction of quasiparticles, 
for instance, with wave vectors k'^, k'^ and spin projec- 
tion s in w-band, that is, in ground state, V^''^' = Vii^c)'^e 
is the second term in Taylor expansion of pairwise inter- 
action in excited state (in c-band), that is, it is product 
of configuration coordinate u and coordinate derivative 
at u = of operator of pairwise interaction of quasipar- 
ticles with wave vectors ki, kj and spin projection s in 
c-band, kph is phonon wave vector, and the summation 
is realized over all the phonon spectrum. At that, since 
the linear density of pairwise interaction is independent 
on fc, which is the consequence of translation invariance 
of the chain, Vo(i,), ^i(c) £^re constants. Therefore, the 
pairwise interaction is considered to be accompanying 
by process of phonon generation, when electronic quasi- 
particles are already in excited state, that is, in c-band 
(retardation effect of phonon subsystem is taken into ac- 
count). Then we have V'^'^) — Vo(c)ue, V'^^^ — Vo(„)e. 
A number of variants are possible along with process of 
phonon generation, corresponding to states of electronic 
quasiparticles in c-band above described. The result will 
mathematically be quite similar, if to change the ener- 
getic place of excitation, that is, if to interchange the 
role of c and v bands for given process. There seem to be 
possible the realization of both the stages (that is phonon 
generation and absorption) for electonic quasiparticles in 
single c or u band states and simultaneous realization 
both the stages in both the bands. Mathematical de- 
scription will be for all possible variants similar and for 
distinctness we will consider only the first variant. For 
the simplicity we consider also the processes, in which the 
spin projection is keeping to be the same. It is evident 
also, that in z-direction the impulse distribution is quasi- 
continuous (since the chain has the macroscopic length 
L — Na). Consequently, standard way J2kph ~^ ^ /fc , 
can be used. Further, phonon states can be described by 
wave functions {kph\ = vi^exp{ikphz), where z G [0, L], 
kph G [— 5^], is constant. Therefore, from (ITSI) we 
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have the expression 

a2(fc,fc',s) = b\vav\'^\voc\'^Vo(c)uVo(^y)\(f>ocs\'^\(f>ovs\'^'x 
N 

— — -Re{exp[i{kimi ~ /c,,TO,,)a] exp jfcajx 

27r(q; - qj){qr - Qn) 

i?e{exp[i(fc^mr — /c^r7i„)a] exp jfc'a}, 

(16) 

where |(^ocsP, I^OusP are squares of the modules of the 
wave functions \kj,s) and |fcj ^) respectively, k — kph{qi — 
Qj), k' = k'pf^{qr - qn) qi,qj,qr,qn G N with additional 
conditions (qi — qj)a < L, [q^ — qn)o. < L, b - is aspect 
ratio, which in principle can be determined by compari- 
son with experiment. Here the values {qi — qj), {qr — qn) 
determine the steps in pairwise interaction with phonon 
participation and they are considered to be fixed. We will 
consider the processes for which k = k' , consequently, 
{qr - qn) = {qi - qj)- 

The relation (jl6p by kinii ~ kjrrij and by krUir ~ 
knUUn transforms into 

a2(fc, k' , s) = 6|i;ot)PbocpV'o(c)'uVo(i,)|(/)ocsn0Oi)spx 
TV 



27r[((7; - qj)\ 



■ sinfca sin/c'a. 



(17) 



Let us designate 

4a2(s) 



(18) 



M{qi~q,)Y 



Then, taking into account that spin projection s is 
fixed, the dependence on s can be omitted, consequently 
Q!2(s) = Oil. So we have 

?^7r,u(u) = 

E E E sin ka sin ^o£^c^ ■ ^''^ 



Something otherwise will be treated the participation 
of the phonons in linear on u part of pairwise interaction, 
if phonon generation is accompanying process of quasi- 
particle transition from w-band into c-band, that is when 
the retardation effect of phonon subsystem can be ne- 
glected. It is the case of strong electron-photon interac- 
tion, described in [2^, @, [ll- By strong electron-photon 
interation absorption process of photons is long time pro- 
cess. It is accompanying by quantum Rabi wave packet 
formation and space propagation, that is by formation of 
longlived coherent state of joint photon-electron system. 
In given case the expression for density of the electron- 
phonon coupling parameter a2(fc, fc', s), which is related 
to the part of electron-phonon interaction, determined 
by interaction between quasiparticles in 7r-system Fermi 



liquid, is the following 

a2(fc,fc',s)^i?e(fc,,,|l/|fc;-J 

iV2 



exp[i(fcp,iqa - fc;m;a)]x 



{ \ exp[i(fcp;j - kph)q'a]x 

-i{k'pf^q'a - kjTnna)]dk'pf^}dkph, 



exp[ 



(20) 



where q = rrij — mi, q' = rUr — run are integers, satis- 
fying foregoing relations, subscrips in left part are omit- 
ted, since fixed step is considered. Then, taking into 
account, that in continuous limit by integration the mod- 
ules k and k' of wave vectors k and k' are running all the 
k- and fc'-values in k- and /c'-spaces, we can designate 
{kphqa — kimia) — ka, [k'^j^q'a — kjUiju) = k'a omitting 
the subscrips. In a result we obtain 



a2{k, k' , s) 



Re{ku\V\Ks) = |t'o.|>oc|'u^^"i|</>oa|'x 



[27r]= 



(sin/casin/c'a -I- cosfcacos k'a). 



(21) 

It was taken into account, that by f-band — >■ c-band tran- 
sition of quasiparticle, the impulse of emitted phonon by 
vibronic system with electronic quasiparticle in w-band 
is equal to the impulse of absorbed phonon by vibronic 
system with electronic quasiparticle in c-band. 



The system of operators Cj,, 



+ -+{v) 4v) 4c) 



k's ' '^k's ' "^fc.s' 



corre- 



sponds to noninteracting quasiparticles, and it is under- 
standable, that in the case of interacting quasiparticles 
their linear combination has to be used 



r 1 




-(c) 





ak,s 



(22) 



where matrix of transformation coefficients ||A|| is 

afc,s -Pk,. 



(23) 



it is unimodulary matrix with determinant (iet||A|| 



1. Since (iet||A|| 7^ 0, it means, that inverse 



transformation exists and it is given by the matrix 



\A\ 



ak,s 



OLk,. 



(24) 



Then we obtain for the Hamiltonian T-L-n.aiiu), which 
corresponds to SSH one-electron treatment of electron- 
phonon coupling, the following relation 



'Hn.aii'^) = 



k s 



ak,sl3k.sa^^, 'al i 



^ Pk.sak,saf, ,. a^. ,, Pk,s'^k,s '^k,s + ^k.sO'k,s '^k,s 



Ctk.: 



\sak^^ 'a\ '^ - I3k,sak.sa^^, j 



(25) 
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where = 4Q;iusinA:a. 

The diagonal part "H^ aii^) of operator V.Tr,ai{u) is 



is 



k s 



(26) 



where hj^ \, is density of operator of quasiparticles' num- 
ber in c-band, is density of operator of quasiparticles' 
number in w-band. 

The part of pairwise interaction, which is linear in dis- 
placement coordinate u and leads to participation of the 
phonons, is given by the Hamiltonian 



^7r.«(i*) = 4Q!2Usinfcasinfc'ax 

k k' s 
l"fc',s"fc',s Pk',s"-k',s"-k',s 

/ 2 -~+(c).(t)) o2 ~+(d).(c) 

+ afc,sA,sa;!'_i''^4';^ - h,sak,sal';^^a^kl)- 
The diagonal part 'HJr ti(^) of operator H,r,«(M) is 



p2 



k s 

+ EE^^("L-/^L)(4:l-4:l) 

k s 

+ EE2A.aM/3M("£-4:]) 

-I- 4a2wE E E - "i'!j"fe,^/3fc,s 

fe fc' s 

X (nti - 4'!])sinfc'asinfca + XkA^^l.s - 1 + 



(31) 

Then, the necessary condition for extremum is deter- 
mined by Lagrange equations 

= 2a,,Mni'l - ni:l) + 2A./3,,(n£ - n^) 
X [1 + — E E "fe'.s^fe':'' sin/c'a(fi^';J^ - ni"? )] 



fc' s 

+ 2Afc,safc,s = 0, 



(32) 



ni^u) = 4a2«EEE«^'/3fc'(4'!. - 4t) 



fc fc' s 



(28) 



X au,sfik,s{n\ \ - h)^'J sin k' a sin ka 



The Hamiltonian H-Trfyiu) in terms of operator vari- 



ables a'^i^l al^l is 



2 ^^"+(/)4=^- 

fc s 



(29) 



The diagonal part "H^ (u) of operator H7r,to (w) is given 
by the relation 



nU^iu) = EE ^^("t - PlsMi - ni% (30) 

fc s 

where = 2to cos fca. 

The operator transformation for the cr-subsystem, 
analogous to ([^ shows, that the Hamiltonian Hoiu) is 
invariant under given transformation, that is, it can be 
represented in the form, given by 

To find the values of elements of matrices \\A\\ and 
the Hamiltonian 'H{u) has to be tested for condi- 
tional extremum on the variables Uk, Pk with condition 
o^fe s + /^fc s — 1- The corresponding Lagrange function 



dkHu)_ 

dPk.s 



2/3,,e.(ni:]-n£)+2A,a,,(nr;i-nl^i) 



X [1 + E E "^k'^sPk'^s sink'a{n-^l^ - n^^Jj] 

^ fc' s 

+ 2Afe,,/3fe,, = 



and 



aAfc,, 

Let us designate 



= "fc.s - 1 + /^fc,s = 0. 



(33) 



(34) 



[1 + - E E "'^'.^/^'^'.^ - "i'!.)] = 2' 



(35) 



then, passing on to observables in the Lagrange equa- 

^fe,si ^k 



tions (15^ - we obtain for ^, ^ and for product 



ctk.sf3k,s the relations 



1 



/5L = 7t(i± 



efc 



2^ ^ei + Q-^Al 



in £fc 
2^ + 



ak,sPk 



(36) 



(37) 



(38) 
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where Q is eigenvalue of operator Q. The equation for 
factor Q is 

M I "2 y^y^ QAfeSinfcq fjc)_^iv)^^_^ 
where superscript ' is omitted and n^i^\ is eigenvalue of 

(v) 

density operator of quasiparticles' number in c-band, nj^, ^ 
is eigenvalue of density operator of quasiparticles' num- 
ber in w-band. It is evident, that at Q = 1 in ([55]) - 
(155)1 we have the case of SSH-model. It corresponds to 
the case, if ^ Efe E« ^ sin fca(n£ - ng)] ^ 0, 

which is realized, if a2 — 0. Consequently, it seems 
to be interesting to consider the opposite case, when 



1 02. 



1 Afc 



sinfca(n^''|. - n^*^])]! > 1. Passing 



2a" 

on to continuum limit, in which — > 2— J , and 



assuming n^,"] = 1, n[f^ = 0, we have integral equation 



2Nuaoi2 



sin ka 



l-sin^ fca[l-(^)21 



zd/c = 1. (40) 



where J/ = f- ~ ka. It is equivalent to the equation 

'JiS\f\- li ( ^" 

2iiQ/ I 2'V UuQ 




(44) 



(2mq)^|' the complete elliptic in- 



where F |f , -y/l 

tegral of the first kind. The approximation of elliptic 
integrals, like to the approximation, given by (|42p . leads 
to the relation 



i± wi 



SOaiio 



(45) 



In the case 2^ = 1 the relation (gD]) is 

TraiQ 



cos ydy 



(46) 



In the case | ^ | < 1 the relation gOl) can be rewritten 
in the form 



K 



2aiuQ 
tn 



2aiuQ 
tn 



2Nua2 



(41) 



where - (22ii£)2| and (Si^j are 

complete elliptic integrals of the first and the second 
kind, respectively. Expanding given integrals into the 
series and restricting by the terms of the second-order of 
smallness, we obtain 



ii./25 - 32^. 
6m V Nua2 



(42) 



It is evident, that the condition (^^) < 1 is held true 
by k/25^^32^^< 1. 

■J 3 y Nua2 

In the case l^^l > 1 the relation (PH]) can be repre- 
sented in the form 



2 

/ 



cos^ y 



„ ^^l-sin2 2;[l-(^)21 



zdy = - 



TrQai 
a2N 



(43) 



where J/ = f — ka. It is seen, that in given case the value 
of parameter Q is calculated exactly and it is 



Q = 



a2N 
4a 1 



(47) 



The values of energy of 7r-quasiparticles in c-band E^!^'^ (u) 

and in v- band Ei"\u) can be obtained in the following 
way 

where €^ (u) is the energy of 7r-subsystem of t-PA chain, 
which is obtained from Lagrange function operator ([51]) 
by passing on to observables. Therefore, we have 

Ek\'^) = efe(afe,s - /^L) + 2Akak,sl3k,s + 8a2usmka 
X X! X! ^k',sPk'.s{n'i^]s - sin k'aa^^sPk.s 

k' s 

= Ckial, - I3l,) + 2Akak,sl3k,sQ) 



(49) 



and 



Ei"\u) = -ekia'i, - - 2Akak,sl3k,s - 8^ sinfea 
X ^^o:k',sl3k',s{n'j^^^s ~ nl^,]s)smk'aak,sl3k,s 

k' s 

= -^kials - Ph) - 2Akak,sPk.sQ)- 

(50) 



, ^2 
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It is seen from (gH) and §0^, that El"' (u) 
Taking into account the relations ([M]) 



wc obtain 



for the solution which coincides with SSH-solution at Q 
1 (SSH-like) solution and 



V4T 



V4 + Q'^r 



(51) 



(52) 



Therefore we have two values for the enegy of quasipar- 
ticles, indicating on the possibility of formation of the 
quasiparticles of two kinds. Upper sign in the first terms 
in ([?T|) . ([5^ correspond to the quasiparticles with the 
energy 



(53) 



in c-band and w-band respectively. Lower sign in the first 
terms in ((5T|) . (|52|) correspond to the quasiparticles with 
the energy 



Ei'\n) = ^Jel + Q^Al, 



Ei^\u) = -J4 + Q^Al 



(54) 



in c-band and u-band respectively. The quasiparticles of 
the second kind at Q = 1 are the same quasiparticles, 
that were obtained in 

We have used the only necessary condition for ex- 
tremum of the functions E{ak,sfik,s)- It was shown in @, 
that for the SSH-model the sufficient conditions for the 
minimum are substantial, they change the role of both 
solutions. Sufficient conditions for the minimum of the 
functions E{ak,sPk,.s) can be obtained by standard way, 
which was used in [yj. It consist in that, that the sec- 
ond differential of the energy being to be the function of 
three variables ak,s, Pk,s and \k,s has to be positively de- 
fined quadratic form. From the condition of positiveness 
of three principal minors of quadratic form coefficients 
we obtain the following three sufficient conditions for the 
energy minimum 

a. The first condition The first condition is 



< 



(QA)2 



^2 



IK. 



<0}, 



fife 



>^S^^\{ni^-nV)>0} 



K.(i + 



< 



V4 + Q'^i V4 



l("L-"L)<o}, 



K(l+|^> 



(QA)2 



-^|(nL 



nls) > 0} 



(56) 



for the additional solution. It is seen, that the first condi- 
tion is realizable for the quasiparticles of both the kinds, 
at that for both near equilibrium state (n|^ — n^^ < 0) 



and strongly nonequilibrium state (n^ 



> 0. 



b. The second condition The second condition is the 
same for both the solutions and it is 



QA 



1 



V4 + Q^ 



. , , )' - Efc + -{QA)l > 

It is realizable for the quasiparticles of both the kinds. 

c. The third condition For the SSH-like solution we 
have 



(3- 



(QA)2 



V4 + Q'^l V4 + Q'^ 



)(nL-nL)>0. (58) 



It means, that SSH-like solution is unapplicable for the 
description of standard processes, passing near equilib- 
rium state by any parameters. The quasiparticles, de- 
scribed by SSH-like solution, can be created the only in 
strongly nonequilibrium state with inverse population of 
the levels in c- and u-bands. At the same time the so- 
lution, which corresponds to upper signs in (1511) . has to 
satisfy to the following condition 



(3 



(QA) 



v4 



'V4TQ^; 



= )(nL-nL)>0, (59) 



which can be realized both in near equilibrium and in 
strongly nonequilibrium states of the 7r-subsystem of t- 
PA, which is considered to be quantum Fermi liquid. 

d. Ground State oft-PA chain The continuum limit 
for the ground state energy of the t-PA chain with SSH- 
like quasiparticles will coincide with known solution [4j], 
if to replace A^Q Ak- Let us calculate the ground 
state energy £'g {u) of the t-PA chain with quasiparticles' 
branch, which is stable near equilibrium. Taking into 



account, that in ground state ^ = 
continuum limit we have 



'fc,s 



= 1, 



the 



E'^Ku) 



2Na 



(QAfe) 



VQAkT 



-.dk -t- 2NKu^, (60) 



then, calculating the integral and using the complete el- 
liptic integral of the first kind -F(§, 1 — z'^) and the com- 
(55) plete elliptic integral of the second kind £'(§, 1 — z"^) we 
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obtain 

TT I 



1_+Z 
1 



'2^ 



(61) 



where 



2^^"^" . Approximation of (pT|) at z <C 1 gives 



TT TT Qaiu to 

Tito 



(62) 



It is seen from (|62l) . that the energy of quasiparticles, 
described by solution, which corresponds to upper signs 
in ([5T|) has the form of Coleman- Weinberg potential with 
two minima at the values of dimerization coordinate uq 
and — uo like to the energy of quasiparticles, described by 
SSH-solution Q]. It is understandable, that subsequent 
consideration, including electrically neutral S=l/2 soli- 
ton and electrically charged spinless soliton formation, 
that is the appearence of the phenomenon of spin-charge 
separation, by Fermi liquid description of ID systems will 
be coinciding in its mathematical form with starting in- 
termediate SSH model. 

Thus, the possibility to describe the physical proper- 
ties of ID systems in the frames of ID quantum Fermi 
liquid including the mechanism of appearence of the most 
prominent feature of ID systems - the phenomenon of 
spin-charge separation - is proved. 

Therefore, all qualitative conclusions of the model pro- 
posed in Q are holding in Fermi-liquid consideration 



of TT-electronic subsystem of t-PA chain (instead Fermi- 
gas consideration) for the quasiparticles, corresponding 
to the second-branch-solution. It seems to be substan- 
tial, that Fermi-liquid treatment of electron-phonon in- 
teraction extends the applicability limits of SSH-model 
of ID conjugated conductors allowing its use in the case 
of strong electron-phonon interaction. It is evident, that 
the mechanism of the phenomenon of spin-charge sep- 
aration in ID Fermi-liquid is soliton mechanism, being 
to be analogous to mechanism proposed by Jackiw and 
Rebbi. It means like to SSH-Fermi-gas model, that when 
an electron is added to an neutral polyacetylene chain, 
it can break up into two pieces, one of which carries 
the electron's charge and the other its spin. Given re- 
sult bears a clear family relation with the phenomenon 
of spin-charge separation in the ID electron gas theory 
of Luther and Emery [l^ , but it is quite different from 
Anderson spinon-holon mechanism. The results obtained 
make more exact and correct prevalent viewpoint, that 
spin-charge separation effect is indication on non-Fermi- 
liquid behavior of electronic systems and that it can be 
reasonably described in the frames of Luttinger liquid 
theory only. Given viewpoint is true the only for the 
systems, for which Anderson mechanism of spin-charge 
separation is realized, that is in fact for the systems with 
the function of the electronic energy in fc-space, which 
characterises by the absence of extremum. It seem to be 
relatively rare physical systems. 

The consideration proposed allows to extend the lim- 
its of the applicability of SSH model for description of 
the systems with both strong electron-phonon interac- 
tion and (or) strong electron-photon interaction. 
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